The majority of untransformed follicular lymphoma (FL) follow an indolent clinical course and have a median overall survival that, in several series, exceeds one decade. [1] [2] [3] Histological transformation (HT), usually to diffuse large B-cell lymphoma (DLBCL), occurs iñ 30% of all patients with grade I/II FL. [4] [5] [6] HT is usually associated with a rapidly progressive clinical course, treatment resistance and poor survival. Although HT is a well-described clinico-pathological event, the molecular mechanisms behind it are still largely unknown, particularly regarding changes in global protein expression. Moreover, no unequivocal prognostic tools have been identified to effectively predict the patients at risk of HT.
Therefore, we investigated the proteome in lymphoma samples reflecting distinct clinical settings to establish whether HT could be associated with specific protein profiles. First, we analyzed nodal FL tissue from two cohorts of patients as follows: those with a long (410 years) indolent course and no verified transformation event (FL nonHT ), and those characterized by the later occurrence of biopsy-verified HT (FL HT ). Subsequently, we compared the protein expression profiles of pre-(FL HT ) and post-(secondary DLBCL) transformation tissue samples. Finally, we compared the latter samples (secondary DLBCL) with a set of tissue biopsies from patients with DLBCL without known prior FL (de novo DLBCL; Figure 1a) .
From each analysis, we identified differentially expressed protein spots (at least twofold and Po 0.05): 6 spots in the comparison FL nonHT vs FL HT (analysis A), 9 in the comparison FL HT vs secondary DLBCL (analysis B) and 28 in the comparison de novo vs secondary DLBCL (analysis C; Figure 1b ) as listed in Table 1 . Several of the identified proteins showed complex expression patterns, for example, gelsolin, serotransferrin (TF), vimentin, hnRNP H, pyruvate kinase isozymes M1/M2 (PKM) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Some of these were identified from more than one spot; some with approximately equal molecular masses but different isoelectric points and some from spots with lower molecular mass than expected for full-length protein.
Furthermore, from some spots, various proteins were identified. The complex expression became further apparent by onedimentional (1D) western blot (WB) analyses of these proteins.
Gelsolin showed high expression in the secondary DLBCL compared with de novo DLBCL (analysis C) identified from spot 4911, corresponding to the full-length protein. The gelsolin gene codes for two isoforms with similar molecular masses where only one of the isoforms was identified from the two-dimensional (2D) gels with a differential expression. [7] [8] [9] Gelsolin expression assessed by 1D WB analysis showed a similar tendency of upregulation in the secondary DLBCL group as observed in the 2D gel analyses, although this was not significant (Supplementary Figure 1) . Presumably, the expression of both the gelsolin isoforms is confined in the single major band observed in the WB and quantification with this method is thus restricted to an estimate of the total expression, as it was not possible to distinguish the two isoforms.
In the proteomic analyses, full-length TF (spot 7901) was downregulated in the secondary DLBCL group, both in comparison with FL HT (analysis B) and in comparison with de novo DLBCL (analysis C; Figure 1b) . Downregulation in secondary DLBCL was confirmed by WB analysis at borderline significance. The quantification of TF expression was, as with gelsolin, based on several isoforms in that two distinct bands were observed, which migrated close together in the WB analysis (Supplementary Figure 1) . Only one spot from the 2D gels containing TF was found to be differentially expressed, which indicated that only this isoform of TF was more than twofold downregulated in secondary DLBCL. Previous studies have identified TF from multiple spots in 2D gel analyses inferring the isoformic nature of TF in lymphoma tissue. 10 Thus, it is unknown which band from the WB analysis corresponds to the identified differential spot on the 2D gels.
Vimentin was identified from two spots, that is, one spot together with tubulin (spot 1710) that migrated corresponding to full-length vimentin/full-length tubulin with high expression in secondary DLBCL compared with de novo DLBCL (analysis C) and from spot 0501 with high expression in FL nonHT compared with FL HT (analysis A) migrating with a lower molecular mass than expected for the full-length protein ( Figure 1b , Table 1 ). Vimentin is also known to have several isoforms that are distinguishable by 2D gel analyses. 11 These isoforms migrate with equal molecular masses and a 1D WB method is insufficient to discriminate the distinctive isoforms, as shown in the WB analysis (Supplementary Figure 1) . As two proteins were identified from the single differentially expressed spot 1710, it is not possible to determine which protein is responsible for the expression change seen. Another aspect of the putative differential expression of vimentin was found in the spot corresponding to a fragment (spot 0501). The antibody against vimentin recognized both full-length vimentin and some fragments with lower molecular masses in WB analysis (Supplementary Figure 1) . The signal from the band just below the full-length protein,~40 kDa presumably corresponding to spot 0501, was observed with a too low signal for quantification. Even longer exposure time, higher antibody concentration and higher amount of total protein were not able to generate a quantifiable signal from this band owing to the relatively higher amount of the full-length protein. The same was found for hnRNP H (spot 6202), which was identified with high expression in de novo DLBCL compared with secondary DLBCL (analysis C). This spot exhibited a lower molecular mass than expected for the full-length protein, and WB analysis was only able to show the fragment levels that were too low to be quantified (Figure 1b, Supplementary Figure 1 ). Full-length hnRNP H showed no significant differential expression in the WB analysis in agreement with no identified differentially expressed spots in the proteomic analysis with a molecular mass corresponding to full-length hnRNP H.
PKM was identified from two spots (8803 and 8805) with equal molecular masses corresponding to the full-length protein but with different isoelectric point (pI; Figure 1b) . Spots 8803 and 8805 showed higher expression in secondary DLBCL in comparison with de novo DLBCL (analysis C) and for spot 8803 also in comparison Figure 1 . (a) Schematic outline of the study. Four patient groups were analyzed. FL nonHT : patients diagnosed with FL and followed at least 11 years with no transformation to DLBCL (n = 5); FL HT : patients diagnosed with FL with subsequent transformation to DLBCL at a time point from 1 to 10 years after first diagnosis with FL (n = 7); secondary DLBCL: patients diagnosed with DLBCL following a previously known FL diagnosis (n = 6); and de novo DLBCL: patients diagnosed with DLBCL with no evidence of previous FL (n = 9). Protein expression profiles were compared between FL nonHT and FL HT (analysis A), between FL HT and secondary DLBCL (analysis B), and between secondary and de novo DLBCL (analysis C). (b) 2D PAGE analyses. Representative gels are shown from each group. Spots identified as differentially expressed are shown on the representative gels in the specified analyses. Analysis A: protein profiles compared between FL nonHT and FL HT (6 spots); analysis B: between FL HT and secondary DLBCL (9 spots); and analysis C: a comparison between secondary and de novo DLBCL (28 spots). Abrreviations: DLBC, diffuse large B-cell lymphoma; 2D, two-dimensional; FL, follicular lymphoma; HT, histological transformation; no., number; NI, Not identified. a Mascot score: Ion score is − 10*Log(P), where P is the probability that the observed match is a random event. b A number of variants was found. Top hit listed. Letter to the Editor with FL HT (Figure 1b) . In addition to PKM, catalase was also identified in both spots ( Table 1 ). The expression of PKM was assessed by 1D WB analysis in which the isoforms are merged and seen as one band (Supplementary Figure 1) . This combined PKM band revealed no significant difference, indicating that additional isoforms of PKM may be present. PKM was identified from spot 6408 as well. This spot migrated with a lower molecular mass than expected for full-length PKM. No apparent bands with lower molecular masses than full-length PKM were observed in the WB analysis, either because of low expression at a level below the detection limit or because the fragment was not recognized with the chosen antibody (Supplementary Figure 1) .
GAPDH was identified from three spots with a complex expression, that is, spot 8301: GAPDH and fructose-biphosphate aldolase A; spot 8403: GAPDH, mitochondrial malate dehydrogenase, and annexin A2; and spot 7305: GAPDH. Low expression of spot 8301 was observed in FL HT compared with FL nonHT (analysis A). In the comparison of the DLBCL presentation (analysis C), spot 8403 showed high expression in secondary DLBCL and spot 7305 showed high expression in de novo DLBCL. Spots 7305 and 8301 migrated almost entirely together and may represent two isoforms of GAPDH with different pI and equal molecular masses, whereas spot 8403 showed a slightly higher molecular mass as well as altered pI (Figure 1b ). GAPDH has previously been shown to be post-translationally modified as reviewed in Sirover 12,13 and Butterfield et al.
14 Interestingly, in the comparisons of the two DLBCL presentations (analysis C), the GAPDH-positive spots showed high expression (spot 8403) or low (spot 7305) expression in secondary DLBCL. Thus, there were opposite expression patterns for the GAPDH isoforms in the two DLBCL presentations. The presence of several isoforms from the 2D gels was also apparent by 1D WB analysis in which the expression of GAPDH was observed as a band corresponding to the molecular mass of full-length GAPDH together with a number of lower molecular mass bands (Supplementary Figure 1) .
There is a clinical need for biomarkers that may allow risk stratification of FL patients based on their risk of HT. In DLBCL, only prior evidence of previous FL can distinguish secondary transformation from de novo DLBCL. Therefore, a characterization of biological features that allows a distinction between these patient subsets may be useful to identify novel biomarkers of potential therapeutic relevance. In this study, we identified several protein spots showing novel differential expression with regard to possible risk of HT. The majority of differentially expressed spots were identified from a comparison of two DLBCL presentations, namely secondary and de novo DLBCL, implying that these morphologically similar entities differ in disease biology. We will further investigate these putative biomarkers in a larger, previously published cohort together with functional studies of the complex protein expression observed. 15 Such supplementary studies, both in our own material and in unrelated cohorts, are warranted to establish the clinical relevance of these putative markers with regard to HT.
